Abstract: In single-frequency precise-point positioning of a satellite, ionosphere delay is one of the most important factors impacting the accuracy. Because of the instahility of the ionosphere and uncertainty of its physical properties, the positioning accuracy is seriously limited when using a precision-limited model for correction. In order to reduce the error, we propose to introduce some ionosphere parameter for real-time ionosphere-delay estimation hy applying various mapping functions. Through calculation with data from the IGS( International GPS Service) tracking station and comparison among results of using several different models and mapping functions , the feasibility and effectiveness of the new method are verified.
Introduction
In single-frequency Precise-Point Positioning ( PPP) of a satellite , ionosphere delay is one of the most important factors that influence the positioning accuracy.
Thus to assess the ionosphere delay accurately is key to improving the precision of single-frequency PPP. At present, the methods used for correcting the ionospherecaused errors include half-closed model, single-layer model, Klobuchar model, and grid model[l-•l. Since there are many factors that influence the ionosphere and each factor has its randomness, the conventional models cannot describe the mutual relations, variability , and internal mechanisms of these factors comprehensively. As a result, by using these models one cannot achieve very high precision in the estimation of ionosphere delay[>.
•l. In the present study, we analyzed the characteristics of conventional ionosphere-mapping functions and delay functions, and propose to reduce i- 
2 Ionosphere-mapping functions
Usually the ionosphere delay is mapped to the zenith direction, using an ionosphere-mapping function relat- .
where R is the earth 's radius, H is the single-layer height, Z is the station-satellite zenith, and Z' is the satellite zenith of the puncture point.
2) Broadcast satellite-orbit mapping function
Klobuchar proposed the following mapping function used for GPS-broadcast ionosphere model [ 7 ] F(E) = 1. 0 + 16.0 x (0. 53 -E)' (4)
where E and h are the satellite's elevation angle in units of 11" and radian, respectively.
) Modified mapping function of SLM ( MSLM)
In order to reduce the difference in TEC between the above two ionosphere-mapping functions, the Center for Orbit Determination in European (CODE) modified the SLM mapping function of the single-layer model , and the MSLM is['l :
where sinZ' = R ~Hsin ( aZ), R = 6371 km, H = 506. 7 km , Z is the observed satellite zenith distance , and =0. 9782. 4) Ionosphere " slab" mapping function JPL(Jet Propulsion Laboratory) used a" slab" model to establish the following " slab " mapping func-
respectively, the degrees of contribution to the whole ionosphere of the " slab " layer and of the upper and lower parts of the ionosphere , z is satellite-zenith distance, and r is the station-to-satellite distance. This model is hard to build.
3 Ionosphere-delay functions
When using one parameter, the estimated ionosphere delay can be expressed as : (7) where F is the ionosphere-mapping fnnction, d::th is an unknown parameter.
When using two parameters, the delay fnnction is :
where A is the satellite azimuth , E is the satellite elevation, and d1ou and d~on are unknown ionosphere parameters.
Cohen[lOJ used three-parameter estimation for the delay function :
I= ( 1 + sinq>' )] 1 + cosq>' cosA' C 11 q>' sinA 'S 11 (9) where q; "' , A • , respectively, represent the longitude and latitude of the foot Galileo point in the sun conjugate coordinates, and ] 1 , C 11 ,8 11 are unknown parameters introduced to estimate the ionosphere delays.
Different ionosphere-delay parameters indicate different decompositions of ionosphere mapping. By using one parameter, we can only map ionosphere delay to the zenith direction ; by using two parameters , we can map it, to satellite elevation and azimuth direction ;
and by using three parameters , we can map it to the feet Galileo point in three orthogonal directions.
4 The mathematical model for ionosphere· parameter estimation
To use parameter estimation for ionosphere delay is to introduce the ionosphere parameters and position parameters together in the positioning calculation. At a station, the ionosphere delay can be expressed as an unknown parameter in a mathematical model as follows:
where I is the ionosphere delay, with specific forms given in equation (7), (8) Figures 1 and 2 , and the precision statistics are given in Table 1 .
In Figures 1 and 2 aod Table 1 , we may see: 1 ) When using the models to correct ionosphere delay, the accuracy of single-layer and Klobuchar models are comparable, and the grid model is better. Compared with single-layer and Klobuchar models, the grid model improves the accuracy by 64% and 61% in X aod Y directions, respectively, with no chaoge in Z direction at WUHN; at BJFS, the accuracy is 79% and 14% better in X and Z directions, respectively, but is ! . is no increase at WUHN but an increase to 0. 08 m at 2 ) When parameter estimation is used , the accuracy is better than model correction. At WUHN, the improvements are 92% and 91% in X and Y directions, respectively, but there is no significant improvement in Z direction. At BJFS, the improvements are 93% and 50% , respectively, in X and Z directions, but in Y direction the improvement is the same as Klobuchar model, but much better than the single-layer and grid models.
3 ) While using parameter estimation , the accuracy BJFS.
Overall , the parameter-estimation method is better than the grid-model correction, which in turn is better than the corrections by single-layer and Klobuchar 75 models.
2 Comparison of different ionosphere-delay parameters
We calculated coordinates for each epoch after convergence, and compared them with the true values, and acquired the residual errors of the data from WU-HN and BJFS in X, Y, and Z directions (Figs. 3 and To compare the influence on single-frequency PPP by using different ionosphere-delay parameters , we used the following three sets of ionosphere delay and mapping function for analysis : 4) ; the precision statistics are given in Table 2 .
From Figures 3 and 4 and Table 2 we see:
1 ) 1 parameter ( Eq. 7) , MSLM ( Eq. 5) ;
2) 2 parameters ( Eq. 8) , MSLM ( Eq. 5) ;
3 ) 3 parameters ( Eq. 9 ) , ( Eq. 9 ) ; 1 ) By choosing different parameters to estimated ionosphere delay , the improvements are different ; using three parameters is better than using two parameters , which in turn is slightly better than using one parame- 2) When parameter estimation is used for ionosphere delay, the accuracy of single-frequency PPP is better than model correction by 92% and 91% , respectively, in X and Y directions with no difference in Z direction, in our example at WUHN. At BJFS, the accuracy is 93% and 50% better in X and Z directions, respectively; while in the Y direction, the accuracy of parameter estimation is the same as Klobuchar-model correction, but much better than single-layer and grid models. Also, the parameter-estimation method can make real-time estimate for ionosphere delay.
3 ) When using parameter estimation to correct ionosphere delay, the accuracy is also influenced by choice of different parameters. Our results show that it is best to use three parameters for estimation, and that the accuracies are comparable with one parameter and two parameters. The basic reason for this result is that when choosing different parameters the ionospheremapping functions are different. Thus , using a precise mapping function is basic to correctly estimating ionosphere delays.
